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INTRODUCTION 
Our efforts during this report period have been directed toward 
three basic problem8 as follows: 
1. An investigakion of the canting properties of tubes 
in which the instantaneous effective cathode diameter 
(IEPD) has been increased by a new tube design to 
approximately 0.4 inch to 0 .5  inch. These investi- 
gations have been undertaken because of the informa- 
tion received as a result of our numerous contacts 
with astronomical observatories including Lick, 
Yerkes,  Washburn, McDonald and Sydney (Austrailia) 
Observatories, which have indicated an urgent need 
for counting photomultiplier tubes of this type. 
2. An investigation of the counting properties and 
increased effective photon counting efficiencies 
of tabes especially designed for enhancement 
of the cathode quantum efficiency by means of 
“multi-bounce” optical techniques. It is clear 
that improved optical detectors wi l l  require a 
combina~on of the highest possible cathode 
quantum efficiency and the best electron counting 
capabilities, and we have attempted to optimize 
these properties by incorporating a rectangular 
effective cathode area (encompassing the multi- 
bounce areas) in one of our electron counting 
tube 8. 
3. Measurements of the pulse response properties 
of counting tubes. This investigation was insti- 
gated because of the expressed need for fast 
response by astronomers in order to cover as 
wide a dynamic counting rate range as possible 
without modifying the detector system, a desir- 
able objective in extracting the maximum amount 
of stellar information. 
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1 0  LARGE EFFECTWE PHOTOCATHODE AREA 
The diameter of the effective photocathode of the majority of ITTIL multiplier 
phototubes is of the order of 0.100 inch, though somewhat larger cathodes may be 
obtained by proper selection of the aperture diameter. The maximum effective cathode 
diameter is, of course, set by the diameter of the actual formed photocathode (0.750 
inch), though the practical limit may be somewhat less than this. This limit, however, 
may not be obtained simply by changing the physical aperture diameter because of 
dynode size limits. In addition, the magnification of the electron optics as well as 
the area of dynode one must be changed in order to accommodate the larger photo- 
cathode diameters. 
Presently, a tube having an 0.5 inch effective diameter cathode and a 12-stage 
multiplier is under development for a NASA customer* and test data on a sampling of 
these tubes is presented in this report. 
this type. The image section of these tubes is of the same design as the standard FW 
Series of multiplier phototubes except for modifications required LO produce a magnifi- 
cation of 0.4 instead of the usual value of 0.7,  for the reasons mentioned above. The 
photocathode may be any one of several types formed on the vacuum side of the entrance 
windaw which is sealed into the metal cathode sleeve. Connections to the cathode are 
made by way of this sleeve. 
Figure lis a photograph of a typical tube of 
Two methods of cathode processing have been used. In both cases, the channels 
for evolution of the alkali metals were placed in an external bulb attached to the tube by 
the tubulation nearest the cathode. In most of these tubes, the antimony evaporator was 
permanently mounted in the tube, while in one the antimony evaporator was inserted on 
a retractable member, through the same tubulation so that it could be removed after 
the evaporation process. This type of evaporation has not produced a satisfactory high 
sensitivity cathode as yet; however, the tube was operable. This method leaves the 
- tube completely free of processing leads, thus simplifying the internal tube structure. 
The multiplier section, a s  can be seen in Figure 1, is enclosed within a metal 
sleeve separating the ima& section and the glass stem, hopefully reducing dark noise. 
This metal sleeve is also the defining aperture terminal. 
all dynode leads are brought out through a 13 pin stem while the coaxial lead at the 
center of the stem serves as  the anode connection. While this connection is a standard 
subminiature 50 ohm connector, no attempt as yet has been made to maintain this 
ultra-low impedance, configuration inside the tube. The load imptldance used in most 
of the tests is of the order of lo5 or lo6 ohms. 
The cascade aperture and 
* University of California, Lick Observatory NASA Prime Contract 
05-003-100-1 (Subcontract to ITTIL, G607170). 
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Performance characteristics of this tube include the ability to count single 
events at the cathode as well as improved rise and transmit times, compared to the 
standard line of ITTIL multiplier phototubes. 
1.1 Cathode Characteristics 
The four tubes which a r e  reported on here have 5-20 type cathodes on a 
sapphire window. Tubes of this same design but with S-11 cathodes are also being 
built but prototypes were not available for final test at this writing. The spectral 
response of these four cathodes is shown by the solid line in the plot of Figure 2, 
while the dashed curve is the typical response of an 5-20 surface formed on a visible 
light transmitting window* such as 7056 glass which is normally used in this labora- 
tory. The short wavelength limit of the solid curve is set by our present means of 
measuring this parameter, namely a calibrated tungsten 2870 degrees K lamp and a 
set of Optics Technology narrow bandpass filters. A t  present, a McPherson model 
235 Vacuum UV Monochrometer is being readied for operation which will permit 
measurements of this type to be made down to 1000 angstroms. It is safe to predict, 
however, that the response of these cathodes should have the same general shape 
below 4000 angstroms as the 5-13 surface (Cs-Sb on fused silica) which has extended 
ultraviolet response due to the transmission of the window material. 
In order to determine the effective photocathode size and the response uni- 
formity, the photocathode was mechanically scanned with a small spot of light while 
the output of the multiplier was  monitored with a d-c oscilloscope. Figures 3 and 4 
show the plots of this data as a function of displacement along two mutually orthogonal 
diameters, one of which is parallel to dynode one. 
The curves marked (a) are plots from left to right along the length of dynode 
one and those marked (b) are plots from the open side, toward dynode two, to the back 
of dynode one. It should be remembered that, the electron lens produces an inverted 
image so that nonuniformities on the one side of the cathode are superimposed on 
nonuniformities on the opposite but corresponding side of dynode one. The gross 
nonuniformities of the output signal are for this reason, a composite of opposite 
halves of cathode and dynode one. It has been shown, however, in an earlier report 
on this project**that the cathode shading in general is not nearly pronounced enough 
to account for the total output signal shading but that the gain of dynodes one and the 
collection efficiency for dynode two account for the largest portion of this effect. 
* Typical Absolute Spectral Response Characteristics of Photoemissive 
Devices, ITTIL Wall Chart. 
** Third Quarterly Report NASw 1038 May 28, 1965. 
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This data shows clearly, however, that the effective cathode dimensions are about 
0.6 by 0.5 inch when measured at the half amplitude points of these curves. The 
downward deflection of the scope trace, for maximum signal, is due to the negative 
going voltage produced across the load resistor by the output current. 
1.2 Multiplier Response Time Characteristics 
Aside from the usual electron multiplier characteristics, such as gain, dark 
current, ENI, etc. , the single pulse transit time is of particular interest since this 
tube is to be used to detect signals which range from those able to excite only single 
electrons from the photocathode to those of such intensity as would produce a dc anode 
output due to pulse overlap. 
Figure 5 is a block diagram of the special test equipment used by ITTIL to 
make the required response time measurements. It consists essentially of a high 
speed triggered light source which illuminates the multiplier under test, and a photo- 
diode. The output signals from these tubes are  fed to a dual trace sampling scope 
whose time base is also triggered by the light source. Since this process is controlled 
by a trigger generator at a regular occurring rate, the scope presentation shaws these 
events in their proper time relationship. 
Figure 6 shows these scope preseritations for the specified operating condf- 
tions. In Figure 6a, the tube is operated as indicated with the cascade aperture (A2) 
connected to dynode one and the defining aperture. The larger negative goi% trace 
is the multiplier output and the photodiode output is ~e sharp spike at the left side of 
the photograph. 
The time separation between these two signals is the transit time of the 
multiplier tube and is approximately 40 nanoseconds with a rise time of 1 0  nano- 
seconds, a fal l  time of 30 nanoseconds and a full  width at half the maximum amplitude 
(FWHM) of about 28 nanoseconds. Figure 6b shows virtually the same results with the 
cascade aperture (A2) at -45 volts with respect to dynode one and defining aperture. 
However, in Figure 6c, when the cascade aperture is again at dynode one defining 
aperture potential but with increased image section voltage and constant multiplier 
voltage (to maintain constant gain), the transit time is 30 nanoseconds. In all cases, 
the rise time (10 to 90 percent) is 10 nanoseconds. The voltage distribution in (c )  is 
typical of the conditions under which the tube is pulse counted though the over-all 
voltage is somewhat higher than required. The test light pulses are so short (approxi- 
mately 1 nanosecond, FWHM) that the output current pulses from the tube are essen- 
tially identical to those generated by single electron events, but with much larger, 
more easily observable magnitudes. 
In the foregoing test, the rather high operating voltage is required in order to 
develop the necessary output voltage across the 50 ohm load impedance. 
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With the above information and a knowledge of other conditions such as 
multiplier gain, pulse processing methods and tolerable number of lost pulses, a 
calculation can be made as to the maximum permissible dc output current which will 
keep the pulse rate just below the time resolution limit of the phototube. 
1. a Pulse Amplitude Distribution Characteristics 
Figures 7 through 10 are  the single electron spectra of these tubes with 
.their respective dark noise spectra. In all cases the cascade aperture was operated 
at a potential of -30 to -45 volts with respect to dynode one and the defining aperture. 
In Figure 7, tube number 046603 shows a markedly lower dark count then the other 
spectrum. The other three tubes have much higher dark count and the dislsibution 
is just like that of the signal spectrum. 
* three, though the dark spectrum does show the same general shape as the signal 
If, however, the cathode is biased off to dynode two potential, these dark 
pulses are almost entirely eliminated and are not shown on the plots. 
This fact  is taken to indicate that these tubes would cool well, and in fact, 
a communication from the customer at this writing reports a dark counting rate of 
a few counts per second, is dry ice temperatures, for one tube. 
A recurring problem in these tubes has been the presence of large pulses 
*not associated with the signal input to the photocathode. A preliminary test of a tube 
like the ones just described (but wihh an S-11 type cathode) showed poor statistics 
with the cathode excited in the usual manner and the single electron peak could only 
be resolved when the dark count was subtracted. An inspection of the scope monitoring 
the input pulses to the analyzer showed that many large pulses were also present. It 
was also observed that the number of these pulses varied with the image section 
voltage. In order to investigate this effect the analyzer was adjusted so that it counted 
pulses‘whose amplitude fell within the region from channel 50 to 150. Since the single 
section peak was centered about channel 15, pulses falling in channels 50 to 150 - 
represent pulses of from 5 to 1 0  electrons. Figure 11 shows the total number of pulses 
in this region plotted against the voltage applied across the image section. During 
these testa the voltage across the multiplier was held constant in order that the over- 
all gain of the system did not change. This seems to be a clear indication that the 
source of these larger pulses is in the image section. 
Two other parameters of interest for these tubes are shown in Figures 12 and 
13, namely anode responsitivity and dark current. 
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Inspection of these two curves shows that at a gain of lo6  the dark current 
ranges from 1 to 2.5 nanoamperes. Tube number 046603 had very unusual dark 
noise characteristics which certainly must contribute to that fact  that it has the 
highest dark current of the four. Figure 14 is a series of three photographs of the 
output of the pulse preamplifier due to this noise. Careful examination of this tube 
during operation at 2500 volts, located electrical discharge visible to  the dark 
adapted eye, in the region of the stem leads. However, the cathode was biased to 
dynode two so that the possibility of optical feedback to the cathode is ruled out. 
A t  lower voltages the noise persisted but was not visible. 
that the noise was coupled to the tube output by direct stem leakage. 
These results indicate 
2 . 0  TUBES WITH HIGH QUANTUM EFFICIENCY, MULTI-PASS CATHODES 
In the last year or two much interest has been shown in ways to improve the 
quantum efficiency of multiplier phototubes. In this laboratory, first efforts have 
been directed toward more efficient use of the incoming radiation at the photocathode. * 
In the application of a phototube, with a translucent cathode, the radiation 
enters the cathode at normal incidence. 
serve to reduce the effectiveness of the input signal. 
However, a number of events occur which 
First of all, some of the input radiation is reflected at the air-glass surface 
of the faceplate. A t  the glass-photocathode interface, another reflection occurs 
while some radiation interacts with the photocathode to produce the desired photo- 
electrons. Finally, a large fraction of the incident radiation is transmitted into the 
vacuum space and scattered by reflection off the internal structure of the tube. If 
the radiation could be made to interact more often with the photocathode, a higher 
photoelectron yield could be achieved. Figure 15 shows an arrangement which has 
been tried here  with encouraging results. It consists of a p r h  affixed to the face- 
plate of the tube. The incoming flux is injected into the faceplate at  the critical angle 
so that it is trapped between the two surfaces and as a result multiple reflections occur 
causing photoelectrons to be emitted each time the light passes into the cathode layer. 
Of course, some of the above mentioned losses still occur but it will be shown that the 
desired effect, namely higher photoelectric yield, due to multiple interaction of the 
light with the photocathode does, in fact, occur. 
* J. L. Gumnick & C. L. Hollish - Multiple Reflection Effects Observed 
for S-1, S-11, and S-20 photocathodes, 10th Scintillation & Semiconductor 
Counter Symposium, March 2-4 1966, Washington, D. C. 
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A multiplier phototube having an S-20 slit shaped cathode with an effective 
size of 0.750 inch by 0.080 inch, wa8 built for a NASA user on another contract. 
The prism was cemented to the faceplate, with Eastman 910 adhesive so that the 
path of the multiple reflection could be made to coincide with the slit cathode. 
Figure 16 shows two spectral response curves for this tube. One is taken 
with the input radiation flooding the cathode and the other is taken with the input 
radiation injected through the prism in such a way that the multiple reflections are 
visible. 
In the first case, the luminous sensitivity was measured to be 105 pa per 
lumen and in the second case it was 230 ua per lumen. The region of peak sensitivity 
appears to have shifted about 400 angstroms but the radiant sensitivity is nearly 0.028 
ampere per watt higher for the multiple reflection case. An attempt was made to 
measure the improvement in the anode sensitivity due to this effect. It was discovered 
-that the angle of incidence of the light on the face of the prism is very critical. It 
Jappears that normal incidence of the light on the prism face is not a sufficient condition 
to assure multiple reflections. For this reason it wU1 be necessary to modify the test 
equipment to provide the needed freedom and accuracy of adjustment to get this data. 
In actuality, the anode sensitivity measurements were nearly identical for the two 
modes of operation. Figure 17 is the plot of this data for normal incidence on the 
photocathode. 
The single electron spectra of this tube for the two modes of operation is 
shown in Figure 18. The tube w a s  operated at 1800 volts with dynode one at -30 volts 
with respect to the aperture electrode, and the light was injected into the prism with a 
flexible fiber optic light guide. In this tube, -30 volts on dynode one produced the 
same results, as f a r  as the pllse height distribution is concerned; as does a negative 
potential on the cascade aperture in tubes reported previously. This may be due, in 
part, to the fact that the slit aperture confines the primary electrons to a long narrow 
area at the center of the dynode where dynode-one bypassing is less likely. A more 
probable explanation of the observed improvement is the fact  that the secondary 
electron collection efficiency is more uniform for an aperture of this shape. It is 
obvious, from the two upper curves, that the injection of the signal through the prism 
does not in any way destroy the tubes ability to detect single events at the cathode. 
The peak-to-valley ratio for these two conditions of operation remains at 1.65. 
slight difference in tbe peak height is due to the inability to exactly duplicate the light 
level. 
in assuring that multiple reflections do in fact occur since the level of illumination is 
so low as to be inperceptible, and more accurate methods will have to be devised to 
adjust the angle of incidence at higher light levels in order to visually optimize the 
reflections. 
The 
Here again, as in the case of the responsivity measurements, there is difficulty 
4 
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The dark count is almost entirely cathode originated as can be seen by the 
shape of the distribution curves. 
there is further evidence of the origin of the dark noise for now the dark count is 
dawn to less than two counts per second. As well as being few in number, these 
counts are located in the early channels of the spectrum where they would not add 
appreciable e r ro r  to the detection of pulses of the most probable amplitude. 
If the cathode is biased off to dynode two potential, 
3.0 FUTURE PLANS 
An effort will be made to resolve the difficulties in test equipment s o  that 
a quantitative measurement can be made of the increased anode responsivity due 
to multiple internal reflection in the photocathode. 
Two tubes are now being built and processed with attached ion pumps and 
Baird-Alpert ion gauges to investigate the role of temperature and gas pressure 
on the noise statistics of these multiplier tubes which was originally reported in 
the fifth quarter. 
A recent innovation in the configuration of dynode one in magnetically focused 
multiplier tubes, has been investigated briefly in this laboratory. It appears to have 
a marked effect on secondary electron collection efficiency of dynode two, an effect 
important to the reduction of small pulses. Present plans call for the incorporation 
of this feature in tubes of the types being evaluated on this contract. 
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APPENDIX I 
MULTIPLE REFLECTION EFFECTS OBSERVED 
FClR 5-1, S-11. AND S-20 PHOTOCATHODES 
J.  L. G~~tmicknndC. D. Holli8h 
Summary 
A simple optical model has been used to describe 
the influezlce of light trapping on the performance of 
photocathodes. The model is based on the assumption 
that light trapping occurs as a result of &tal internal 
reflectioc in the f a c e p l a t e - ~ ~  shuchue. 
The analysis based on the model predicts that succes- 
sivc light photocatbode interactiona are re- 
through a geometric progression, and the rafioa crf 
light intensities aud photoelectric yldds pclsodated 
waith successive light phobcabde tnteractioacl are 
equal to the common ratio of the progression. Experi- 
ments on S-1, S-11, aud S-20 type phobcath& tend 
to confirm three predictions based on the analysio 
that the logarithm of the photocurrent f o r  a speciftc 
interaction is a linear function of the number deswting 
the interaction: that successive photocurrents and 
light inkmities have the same ratio denoted K, and 
that the ratio of the total photocurrent to that of the 
f i rs t  interaction approaches 1 .
i-n 
Introduction 
In recent years  several researchers l*2  have re- 
portctl enhancement of photoelectric yield from photo- 
c a t h d e s  by us ing  internal reflcction tcchniques to 
produce multiple passes of light through the photo- 
cathode in photomultiplier tubes. Although improve- 
ments obtained using these methods h e  been measur- 
ed and discussed, little attention has been @en to the 
mechanisms responsible for  these effects. In the 
present work experimental results for  S-1, S-11, and 
S-20 photocathode types are compared to predidions 
hascd on a simple optical model used to descrihe in- 
tcrnnl reflection effects observed in flat faceplates 
Kith photocathodes on them. 
The method uscd in the experiments to be dis- 
c ~ \ \ (  r1 IS illustrated in Fig. I .  A prism was uscd to 
inject light into a yarallcl plane faccplatc with a photo- 
c:ithodc: deposited (H1 it. 
to the prism. I t  interacted at the photociitbode d re- 
turned to the air interface. At P the llght w a a  reflect- 
ed hack to the photocathode for  a second interaction 
and so forth. In somc experimcnta the light was per- 
mitted to escape after the f i r s t  and s e d  interactions 
by pkicing anothcr prism uf thc s a m e  Mnd, hut rwer- 
S L ~  in  orientation a& paints P and Q in Fig. 1. 
Light WnS hrought in at 311 
0 with the faceplate normal, and perpndicular 
-1 - 
It can easily be shown that ligM traveling into the 
faceplate at an angle exceeding the critical angle for 
the facepiate-air interface wil l  strike tbe photoealhode- 
vacuum interface a t  an angle exceeding the criticat 
angle for  W interface. This is a consequence of re- 
fraction at the photocathode-faceplate interface. ia 
this work a l l  experiments were done with light incidcnt 
at angles exceeding the critical angle and in the : d y -  
a is  internal rcflcctians at the air and vacuum interfaces 
were assumed to hc total. 
Analysis 
Wken iqht is iet into the pho~~~atitodc at .an mgit 
greater than the critical angle, the incidcnt hc:im with 
an intensity 11 strikes the photocathode-f:icepl:itc inter- 
face and is partially transmitted and par t ia l ly  reftcctcd. 
The fraction transmitted will be called T and the f m c -  
tion reflected R such that the sum of R 'and T equals 
wry. The intensity oi the incident i@t that is reiicc- 
ted at the interface of the faceplate and yhotocnthdc 
will he called 1 1 ~  .and it follows that: 
A part of the incident he,m will enter thc photocathuclc. 
Assuming somc absorption occurs in  the photocathudk. 
the beam will he :i&enu&d, reflectcd a t  the photo- 
&&-vacuum interface :md attenuated still m r c  hv- 
fore  striking the Z:icepl:ite-photocatbodc inti*rf;iw f n w  
the photocathode side. That intensity d thc Iw.:itii tr:tiw- 
mitted back through thxt interfncc will Iw r:illrc 
and can be expressed in te rms  of I I :IS: ' I '*h 
I*,R = I I  (AT)' 
In this equation A is one niinus thc fr:iction td l i e 1  211)- 
sorbed in n single p?ss through thc photoc:tthtnlc.. Sinc*t- 
the nnglc of incidence i s  grcatcr than thc critic:il :uwli* 
.at the photocathode-vacuum interface, thc reflediun :it 
that interface is unity. Thc shove two t r rn is  c:tn hc 
grouped into a singlc cxprcssion: 
This composite tw:im will s t r i k .  thc f:iwplaC-:iir intcar- 
face at  P and he totally rcflcctcrl hack to the photo- 
I . 
I *  
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e 
cathode. The beam leaving &e w - f - p l e  
interface at the second interaction will be: 
I 3 = I z B + I h  =Il[R+(AT)5Ef2 (4) 
Expressing successive te rms  as a function of 11 gives 
for  the Nth interactian: 
in which N is a positive integer darotlng the number of 
the light-ghotocatliode interactia. This equ8ti0n des- 
cribes the influenm that reflections aad abswptian as- 
sociated with the photocathode have OII light trapped in 
the structure. In the development of the equatlan. for 
simplicity the ray reflected back inb the -ode 
at the photocatfuode-faceplate interface after being re- 
flected a t  the vacuum interface is omitted a~ are higher 
order  terms. 
its optical and electronic properties the w c  
current  from each spot of interaction can be written as: 
If the photocathode is uniform and homogeneom in 
iN =SIN 
ly reflectirg plane parallel structure. If the quantity 
R + (AT)2 i s  defined to he K then 
iN =i,KN-' andIN =Ill?' 
The factor KN-l is the general term of a geometrical 
progression. The sum to infinity of such a progression 
is: 
N = l  I - K  
( 9 )  
An imprwcment factor F can he defined as the ratio of 
the net photocurrent for an infinite number of bounces 
iT to that f w  the f i r s t  bounce. It follows from Eq. 9 
that 
The rntio of successive terms for either the photoelec- 
tric c;ll-rent or the light intensity is: 
-2- 
From this treatment of multiple refledam three 
predictions can be made. The f i r s t  is &at aplot at the 
logarithm d the photoelectric m a r t  far swxeeoivs 
bounces will be a linear function of N-1 since: 
henoe: 
In iN = la il + (N-1) In K ( 13) 
The second is that euccessive light intenaitiea or OUC- 
cessive photoelectric currents observed f o r  a given 
photocathode s h d d  have the s a m e  ratio Which equal6 
K. The third prediction is that the total memured 
photocurrent iT in a multiple bounce experiment sbould 
approach i n  value& times the photocsrrent mmm- 
ed f o r  the f i r s t  interaction. 
Values of K as a function of R for  selecLad A 
values are plotted in Fig. 2. In Fig. 3 tbe factor 
is plotted as a function d K to illustrate tbe -2F 
improvement factors that can occur f o r  specific K val- 
ues. If t e rms  additional to those comidered in Eqs. 3. 
4. and 5 are included in the analysis. the r d t  will 
be that K will be a more complicated function d T. A. 
and R than illustrated in Fig. 2. The other results 
discussed will be unchanged. 
Experimental Results 
Experiments to test the a w e  three predictianrr 
were carr ied out on two types of tuhes: image dissec- 
tors and diodes. Both tube lypes w e r e  made with face- 
piares oi paraiiei piane type w i i b  p i ~ o t u c a i h k  iurmai 
m the faceplate. In all cases light was admitted into 
the s t ructure  as descrihed in Fig. 1. h the image 
dissector white light and filtered light at 7060 A" were 
used. For the diodes, laser light at 6328 Ao was used. 
Photocurrent Measurements for  Successive Light- 
Photocathode Interactions 
- The image dissector3 i s  a deflectable multiplier 
tube in which  it is possible to displace an electronic 
image of a photocathode across the aperture of .a 
electron multiplier chain. With this tube the photo- 
electric current from various parts of the photocathode 
can he measured separately. In this w'3y photocurrents 
f rom successivc light-photocathode interactions des- 
cribed above w e r e  measured. Details ahout the use of 
the image dissector in this type of study are reported 
elsewhere. 
Image dissector experiments were carr ied out 
with S-I, S-11, and S-20 type photocathodes. Typical 
data obtained in these experiments are plotted in Fig.4. 
The logarithm of the peak photoelectric current  at each 
region of the photoemission is plotted on the vertical 
scale and the intcrnction or hounce number, called 
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peak number MI the figure is plotted 0 ~ 1  thae horitonkrl 
scale as suggested by Eq. 13. All of the data taken WI 
each of the three photocathodes with white light and at 
eight wavelengths between 4860 A" and 7060 A" were d 
the functional form of Eq. 13 as shown in Fig. 4. Slopes 
varied wi th  wavelength d phkmathode type. 
Light Intensity Ratios and Photocurrent Ratios 
According to Eq. 1 I the ratio d photoelectric 
currents for successive interactione will  be in the 
s a m e  ratio as measured light intmmities. With the 
image dissectors and diodes the ratio of 0Wca.l inten- 
si t ies  were measured by determining the intensity of 
initial k a m  11 from the source and measuring12 by 
placing a prism at  point P in Fig. 1 perlpitting I2 to 
escape and be measured. Photocooductors and photo- 
emitters were used to measure 12 and 11. The ratios 
were corrected for reflections at the prisms. The 
corrected measured ratios were called kp~. 
using the image dissector the values of successive 
peak photocurrents were measured and ratio0 calcula- 
ted. In the diodes ratios were OMained by measuring 
the contribution of the first PRES with an ejecting prism 
at P and the sum of thef i r8 t  and secondpms emtrlbu- 
tions ~ i t h  an ejecting prism at point Q. The difference 
in photocurrents measured in this way was a m e a d e  
of the photoelectric current at the s d  inter.cLion. 
F m p  these measurement3 ratios were calculated. The 
measured ratios of photocurrents for  dissectors and 
diodes were called K ~ E .  
given photocathode are predicted to be equal. In Fig. 5 
measurements of K o p ~  and K ~ E  are plotted against 
each other. The data represent three photocatbode 
types in s ix  different vacuum tubes of two different 
types under three kinds of illumination. The data 
scatter around the line of predicted performance which 
i s  a straight line at 45". 
The results shown in Fig. 5 illustrate the range in 
values f o r  K f o r  different photocathodes with different 
types of illumination. These are not random. but are a 
manifestat-on of the fact that K is a function of R. A, 
and T,  and differcnt types of photocathodes show a wide 
rmgc of thcsc values. not only from type to type, hut 
from photocathode to photocathodc. These properties 
arc nlso strongly wavelength dependent. 
From Eq. 11 values of Qpy and Kpr f o r  any 
Ranges of Improvement Factors 
While conducting these experiments, the total 
photocurrent was measured during the production of as 
mmy hounces as could be contained in a given faceplate. 
The total measured c u r r e n k  were denoted i%. Using 
i t  together ~ i t h  the measured first bounce photocurrent 
i', , a g l i n  or improvement factor F* was determined for 
&e experiment.. that are summarized in Fig. 5. These 
mexsurcd improvement factors F* w e r e  compared to 
calculated improvements baaed 011 the ranges d K in 
Fig. 5 using Eq. 10. The resulte are summarized in 
Table I. 
Tahle I 
Comparison of Ranges f o r  Calculated 
and Measured Improvement Pacbm 
CalCUlaLed 
F 
s-1 Max 2.0 
Min 1.5 
S-11 Max 5.0 
Min 1.3 
S-20 M ~ x  3.5 
Min 2.5 
Measured 
F* 
1.7 
1.3 
2.0 
1.3 
3.3 
2.0 
S-I Type Photocathodes For the 5-1 p b h s t b d e s  
studied, from Fig. 3 and Fig. 5 predicted improve- 
mentsFrangedbetween1.5and2.0. Themeatrured 
F* were between 1.3 and 1.7. The predictedvdiu!!~ 
are slightly higher which is to be expected since the 
value F is based on an infinite number of bouaoes 
while the F* are for  4 to 8 bolmces. 
o f F  wasbetween 1.3to5. In theseexper iments the  
range of F* was between 1.3 and about 2.0. Other 
workers2 have reported improvements between 2.25 
and 4.3 for  S-11 type photocathodes. 
S-20 Type P-es For S-20 type photo- 
cathodes F were determined to be between 2.5 and 3.5. 
For F* values between 2.0 and 3.3 have been observed. 
From Table I it can be seen that the predicted 
ranges of F based on experimental K values averlap 
the experimentally measured ranges of F*. Unforhm- 
ately, the data accumulated thus f a r  is too sparse to 
permit more precise predictions of the general perfor- 
mance of photocathodes in the multiple bounce d i g -  
uration. 
S-11 Type Phatocatbodee For S-11 typas tbs raDge 
Conclusions 
The experimental results described tend to confirm 
the assumptions used in the analysis. However. the 
analytic description is not yet complete enough to yrr- 
dict the exact imprwement  cspcctcd for  a specific 
photocathode in a p.articulnr multiple bounce espcri- 
ment. Additionnl experiments .are k i n g  cnr r i rd  out to  
relate specific ratio measurcmcnts to improvement 
factors. Moreover, work is being done to cstahlish 
more exactly the functional relationship between the 
ratio of successive photocurrents and the optical 
characteristics of the photocathode being investigated. 
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Figure 5. Experimentally measured light intensity ratios 
and photoelectric current ratios plotted together 
with a plot of the prcdictcd wlationship between 
them. 
